Introduction

15
Processing of waste electrical and electronic equipment (WEEE) presents a potential risk to human and environmental health, in 16 part due to the high BFR content of a substantial proportion of such items. BFRs such as polybrominated diphenyl ethers 17 (PBDEs) , polybrominated biphenyls (PBBs), and hexabromocyclododecane (HBCDD) are restricted in WEEE at a level of 0.1 18 weight%. BFRs are a class of flame retardant additives (FRs) added to polymeric materials in a wide variety of consumer goods 19 (Petreas et al., 2009; La Guardia et al. 2006) .
. PBDEs, PBBs, HBCDD, 1,2-bis(tribromophenoxy)ethane (TBPE), hexabromobenzene 20 (HBB) and tetrabromobisphenol A (TBBPA) are common BFRs currently abundant in a large portion of the total stream of WEEE 21 generated over the past thirty years (Petreas et al., 2009) . PBBs and PBDEs are applied as mixtures with compositions that 22 broadly reflect the average degree of bromination, i.e. the three major technical mixtures of PBDEs commercially available are 23 Penta-BDE, Octa-BDE and Deca-BDE (La Guardia et al. 2006) . As in many applications, BFRs are not covalently bound to the 24 polymer chain, they have the potential to easily migrate into the environment by volatilization or leaching and because of their 25 bioaccumulative and persistent behaviour, most of them are classified as Persistent Organic Pollutants (POPs) (Hale et al., 2006;  26 de Wit et al.,2010; Covaci et al., 2006) .
27
The RoHS recast Directive 2011/65/EU limits values for PBBs and PBDEs at a maximum of 0.1 weight% in homogeneous material 28 and focusses on waste related criteria acknowledging poor waste management as the root cause of contamination in new items. 29 *Revised manuscript with no changes marked Click here to view linked References
The RoHS directive forces manufacturers to control the presence of RoHS relevant substances in their EEE components from the 30 upstream perspective i.e. at the design and the procurement stage. Despite this, such chemicals are now being found as 31 unintentional contaminants in a wide range of goods that do not require flame retardancy, via accidental incorporation (via 32 recycling) into items like kitchen utensils and food packaging, (Samsonek et al., 2013) videotapes, children's toys and household 33 products (Ashton et al., 2009) . To minimise such inadvertent contamination, BFR-treated plastics should be separated during 34 waste sorting and dismantling from BFR-free plastics, as prescribed in Stockholm Convention's best available technology (BAT) 35 and best environmental practice (BEP) . Currently, many waste plastics thought to contain Br are stockpiled, re-used in plastics 36 that do not require a particular mechanical strength, or incinerated (Schlummer et al., 2006) . These procedures result in two 37 undesirable scenarios: (a) waste plastic containing high percentages of BFRs is recycled by mixing with new ("virgin") polymers, 38 thus increasing the quantity of new items contaminated with BFRs and impeding their elimination from the waste stream; and 39 (b) thermal degradation of PBDEs into highly toxic halogenated dibenzo-p-dioxins and dibenzofurans (Sakai et al., 2001) .
40
European Standards (IEC62321-3-1) give guidance on WEEE sampling, sample preparation methods and specific measurement 41 methods. Generally, they describe 2 approaches: total elemental screening and compound specific quantification; the latter 42 typically requires GC-MS analysis (combined with laborious sample preparation procedures i.e. sub-sample grinding, cryo-43 grinding, solvent extraction, extract filtration, selective precipitation for oligomer removal, and chromatographic purification).
44
Alternatively, as described in the test methods IEC 62321, if characterisation of individual brominated compounds is not 45 required, the total elemental bromine content can be measured using Energy Dispersive X-Ray Fluorescence (ED-XRF) technology 46 incorporated into hand-held instruments as an "analytical procedure to determine the presence or absence of substances or 47 compounds in the representative part of a product" (IEC62321-3-1).
48
The European Directive 2002/95/EC stipulates that at least 50% of collected WEEE must be recovered, reused or recycled 49 (according to the concentration and nature of present contaminants), although the complexity and cost of traditional compound-50 specific analysis are not justified by the value of the analyzed items. Rapid Br screening by XRF to provide pass/fail evaluation of 51 legislative compliance is therefore an attractive option (EC No 1907 /2006 
118
A Thermo Scientific Niton XL3T Goldd Plus handheld device was used, equipped with a geometrically optimised large drift silicon 120 detector and a 50 keV x-ray tube. The analysis was performed with a molybdenum filter, the emission fluorescence line chosen 121 for quantification of Br was Kα1 (11.92 keV) with the relatively less intense Kβ1 used for qualitative evaluation of the spectra 122 (13.29 keV) (see SI, Table 3 for details). Proprietary Thermo Scientific NDT software was employed to develop a calibration and 123 empirical optimisation for Br.
124
Equations correlating thickness and concentration with XRF signal were derived and applied to the NDT software. Spectral 125 precision was calculated as two times SD between each recursive measurement cycle performed during the sampling period.
126
Analytical precision was calculated as the RSD of 4 repeated measurements. The 5:1 ratio between the two most intense spectral 127 lines used for Br (Kα1 and Kβ1) was used to correct for spectral interferences given by overlapping emissions (mainly from Zn 128 and Al). The double counting effect (two photons with the same energy reaching the detector simultaneously and producing a 129 response on the spectral line corresponding to double their energy) is corrected for by the firmware doubling the intensity of the 130 line corresponding to exactly twice the Kα1 for Br.
131
For XRF the LOD was defined as in ICH1 Guidance (Q2,R1: Validation of Analytical Procedures) as three times the SD of ten 132 replicate blank measurements (bromine free ABS reference material), and the LOQ calculated as 10 times that SD. 
187
This calibration approach comprised measuring the intensities non-corrected for thickness for each concentration level of the 188 solid reference materials at different thicknesses. These concentration values were plotted against thickness (Fig. 1) . The 189 obtained "thickness calibration curve" showed similarities with the exponential Attenuation Law for photons in matter (Lambert
190
Law of Absorption).Therefore, a generic negative exponential function (1) to the "infinite thickness" (see Fig. 1 ).
205
The accuracy of this method was evaluated by comparing the corrected values obtained from the thickness calibration and the 206 reference values, according to the formula (3): 207 Accuracy (%) = ((Reference -(Measured -Reference)/Reference)*100
(3)
210
Average accuracy without thickness correction for thin layers (1-3 mm) was 82.8%, while after the thickness correction the 211 accuracy is improved to 93.9%. This value is satisfactory considering that a value of 89% on one single-controlled standard was 212 obtained in a very recent study (single measurement) (Igzi et al., 2015) . We next evaluated the method uncertainty (precision) as 213 the SD between four replicates. For RMs this value is independent on the homogeneity of the material (because both macro and 214 micro homogeneity were tested for these RMs). Differences between measured RMs and their reference concentrations were 215 always within the measurement uncertainty (Fig. 2) . The LOD was 0.0011%, while LOQ was 0.0036%. 216 217
Method development and matrix matched calibration with LA-ICP-MS
218
After tuning the ablation parameters and the ICP parameters (see SI, Table 4 and 5), calibration was performed with the nine 219 RMs containing different concentrations of Br (see SI, Table 1 ).
220
An initial attempt was made to place all the RMs and samples in the ablation cell. 
228
The average accuracy obtained for the reference materials (calculated using equation (3)) was 93.3%, with lowest values of 229 78.8% and 79.2% obtained for the two RMs that have a concentration of Sb equal or exceeding that of Br. This suggests a 230 negative influence of Sb on measurements of Br. It has been shown (Evans et al., 1993) that the matrix effect depends on the 231 concentration of the matrix-element itself rather than the matrix-element to analyte-element ratio, so this loss of accuracy is 232 more likely ascribable to a particle effect. For each RM the difference between the measured value and the reference was within 233 the measurement uncertainty (SM, Fig. 6 ). The LOD for 79 Br was 0.0004% while LOQ was 0.0012%.
234
Comparison between XRF and LA-ICP-MS Br data 235
The Br data measured by XRF and LA-ICP-MS displays excellent accordance (Fig. 3 , inset graph) and the XRF thickness correction 236 accounted for up to 46% increase in measured Br. The differences in Br concentrations between these techniques fall within 237 analytical uncertainty (RSD of each measurement for LA-ICP-MS, 2 error for XRF; error bars in Fig. 3 ) for most samples. For LA-ICP-MS the average precision for all samples given by the RSD between two line scan replicates was 5.9%; for XRF it was 1.5%.
239
The for the determination of Br in WEEE plastics. This is the first use of solid standards to develop a thickness-corrected quantitative XRF measurement of Br in polymers using LA-ICP-MS for method evaluation. Thermal desorption gas chromatography mass spectrometry (TD-GC-MS) was used to confirm the presence of specific BFRs in WEEE polymer samples. We propose that Abstract Click here to download Abstract: CHEM39082_Abstract_revised.docx expressing limit values for BFRs in waste materials in terms of Br rather than BFR concentration (based on a conservative assumption about the BFR present), presents a practical solution to the need for an accurate, yet rapid and inexpensive technique capable of monitoring compliance with limit values in situ.
Text Fig. 1 Measured Br concentration by XRF against thickness for different concentration levels of the RMs. Proposed model (equation (2)) for the fitting function (black line). Fig. 2 XRF accuracy was measured comparing the reference value to the corrected values of Br (wt. %) measured at the infinite thickness. Error bars for the measured concentrations are the SD between the 3 replicates done for each measure at infinite thickness; error bars for the reference concentration are uncertainty of the NAA used to validate the RMs. Concentrations reported without correction show negative errors for RM 1-3 and positive errors for RM 4-9: this effect is a direct result of Compton scattering, the Compton scatter intensity increases with the decreasing of the average atomic number of the scattering material, when the Br (Z=80) amount relative to the C in the matrix (Z=12) decreases under a certain threshold the MAC of the material decreased, and the Compton scattering has a more prominent effect . Being this an effect of varying MAC, it is as well accounted for in the thickness correction.
Fig. 3 Comparison between LA-ICP-MS measured values and thickness corrected XRF measured values.
On the bottom the corresponding thickness for each sample. Inset plot: correlation between LA-ICP-MS results and XRF. The thickness corrected results (blue dots) show a better correlation (R 2 =0.9926 for 28 samples) compared to the correlation ((R 2 =0.8788 for 28 samples) of the non-corrected XRF results (red dots). The circled red dot (in the inset) shows a bigger deviation from the LA-ICP-MS results: this is in fact a very thin sample (0.69 mm) circled thickness bar, hence when the thickness correction is not applied the negative error is substantially bigger. Fig. 1 Effect of thickness on the measured concentration by XRF. All the RMs were measured at different thicknesses, the measured concentration deviates more from the reference for thinner samples. 
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